lengths. GPR41 is equally activated by propionate, butyrate, and pentanonate, whereas GPR43 prefers propionate over other short-chain FFAs. 8, 9) These two receptors are coupled to inositol 1,4,5-trisphosphate formation, intracellular [Ca 2ϩ ] mobilization, activation of extracellular signal-regulated kinase 1/2, and inhibition of intracellular cAMP accumulation. 9) However, they exhibit differential coupling to G-proteins; GPR41 couples exclusively through the pertusis toxinsensitive Gi/o family, whereas GPR43 couples through the Gi/o and pertussis toxin-insensitive Gq families. 9) GPR42 is not activated by short-chain fatty acids, even though it shares 98% identity with GPR41. 8) Mutational analysis of GPR41 in yeast identified Arg174 of hGPR41 (Trp in GPR42) in the second extracellular loop as essential for ligand activation, presumably responsible for forming a salt bridge with the carboxylate ligand. Thus GPR42 appears to have acquired loss-of-function mutations after gene duplication. RT-PCR analysis using GPR42-specific primers detected no signal for GPR42 mRNA in RNA samples from normal human tissues. 8) Because the GPR42 gene is reportedly present in only a subset of individuals as a polymorphic insert, 7) GPR42 may be a pseudogene in the human genome.
Physiological Function GPR41 is abundantly expressed in adipose tissue 8) and has been implicated in short-chain fatty acid-stimulated leptin production by adipocytes.
11) The mouse adipocyte cell line Ob-Luc produces leptin upon stimulation with short-chain fatty acids. Leptin production by short-chain fatty acids: increased by exogenous overexpression of GPR41 and abolished by knockdown of GPR41 expression with siRNA.
11) Acute oral administration of propionate increases circulating leptin levels in mice, suggesting that the effects of propionates are mediated via GPR41 in vivo. Since leptin is known to be a potent anorexigenic hormone that suppresses food intake via receptors in the central nervous system, 12) propionate may likely be associated with an inhibitory effect on food intake by causing increased leptin release. Recently, Hong et al. 13) and Ge et al. 14) have reported that GPR43, but not GPR41, is expressed in adipose tissue and functions in adipogenesis. Further studies are needed to resolve the differences in these results.
GPR43 mRNA is predominantly expressed in immune cells, particularly in polymorphonuclear (PMN) cells. [8] [9] [10] Short-chain FFAs have been described as displaying activities on leukocyte populations, particularly PMN cells. [15] [16] [17] Stimulation of PMN cells by propionate or acetate results in a transient increase in intracellular calcium.
9) Short-chain FFAs also evoke the chemotactic response in PMN cells, 9) suggesting that GPR43 might be involved in the neutrophil activation induced by short-chain FFAs. GPR43 is also reported to be induced during the differentiation of leukocyte progenitor cells to monocytes or neutrophils and is found mainly in hematopoietic tissues, suggesting that GPR43 could have an important function in the differentiation and/or activation of leukocytes. 18) Karaki et al. reported that GPR43 is expressed in peptide YY (PYY)-containing enteroendocrine cells and 5HT-containing mucosal mast cells, 19) which is consistent with physiologic data showing that shortchain FFAs stimulate the release of PYY 20) and serotonin 21) from the ileum and colon. Recently, Ge et al. 14) have reported that adipocytes treated with acetate and propionate exhibit a reduction in lipolytic activity. This inhibition of lipolysis is the result of GPR43 activation as this effect is abolished in adipocytes isolated from GPR43-knockout animals. Activation of GPR43 by acetate results in the reduction in the plasma FFA level. 14) This result is consistent with the previous in vitro experiment showing that activation of GPR43 results in the reduction of lipolysis and activation of adipogenesis. These results suggest a potential role for GPR43 in regulating plasma lipid profiles and perhaps aspects of metabolic syndrome. 13) 
GPR40
Ligands While GPR41 and GPR43 are activated by short-chain FFAs, GPR40 is activated by medium-and longchain saturated and unsaturated FFAs, as reported by three independent groups almost simultaneously. [22] [23] [24] A variety of fatty acids were found to act as agonists to GPR40 in the micromolar concentration range with eicosatrienoic acid representing the most potent analogue. 22) Interestingly, the potency of the saturated fatty acids was dependent on chain length, with pentadecanoic acid (C15) and palmitic acid (C16) being the most potent, whereas carbon chain length or degree of saturation did not appear to correlate with potency among unsaturated fatty acids. 22) Briscoe et al. 22) tested about 40 different saturated and unsaturated fatty acids, which all displayed agonistic activity.
Signal Transduction In CHO cells, exogenously expressed GPR40 is coupled to inositol 1,4,5-trisphosphate formation, intracellular [Ca 2ϩ ] mobilization, and activation of extracellular signal-regulated kinase 1/2. Feng et al. showed that linolenic acid reduces the voltage-gated K ϩ current in rat pancreatic b-cells through GPR40-mediated cAMP levels and protein kinase A activity, leading to enhanced b-cell excitability and insulin secretion. 25) Expression Expression analysis of GPR40 using RT-PCR, immunohistochemistry, and in situ hybridization revealed high expression in insulin-producing pancreatic islets. 23) GPR40 was found to be enriched 2-to 100-fold in pancreatic islets as compared with the whole pancreas. 22) We identified GPR40 in splenocytes, THP-1 cells, and human peripheral blood mononuclear cells using anti-GPR40 monoclonal antibody. 26) GPR40 knockout mouse analysis showed that insulin secretion in response to intralipid was reduced by approximately 50%, suggesting that GPR40 is probably expressed in the intestinal tract.
27)
Physiological Function FFAs are known to have pleiotropic effects on pancreatic b-cells. Although acute administration of FFAs stimulates insulin release, chronic exposure to high levels of FFAs results in the impairment of b-cell function and secretory capacity. Steneberg et al. showed that GPR40 mediates both acute and chronic effects of FFAs using GPR40 knockout and transgenic mice. 28) FFAs are recognized to play an important role in both maintaining basal insulin secretion and potentiating glucose-stimulated insulin secretion in the fasting state in rodent and human islets 22, [29] [30] [31] [32] [33] ; however, the mechanism of action is not clearly understood. Itoh et al. revealed that long-chain fatty acids amplify glucose-stimulated insulin secretion from pancreatic b-cells by activating GPR40. 23) When the expression of GPR40 was inhibited by small interfering (si)RNA, the increase in insulin secretion after fatty acid stimulation was eliminated, clearly confirming the involvement of GPR40 in this process. GPR40-deficient b-cells secrete less insulin in response to FFAs, and the loss of GPR40 protects mice from obesity-induced hyperinsulinemia, hepatic steatosis, hypertriglyceridemia, increased hepatic glucose output, hyperglycemia, and glucose intolerance. Conversely, overexpression of GPR40 in b-cells of mice leads to impaired b-cell function, hyperinsulinemia, and diabetes. These results suggest that GPR40 plays an important role in the chain of events linking obesity and type 2 diabetes.
Polymorphism For human GPR40, two nucleotide substitutions, an Arg211His polymorphism and a rare Asp175Asn mutation of GPR40, were identified. Both variants showed EC 50 values similar to the wild type. Maximum efficacy of Asp175Asn was 39% lower compared with the wild type. At present, these variants do not appear to be associated with type 2 diabetes or insulin release alterations. 34) Synthetic Ligand Because of its biological activity and tissue distribution, GPR40 is an attractive drug target for type 2 diabetes, and its development has been investigated. A GPR40 agonist, GW9508, that activates both GPR40 and GPR120 and stimulates glucose-stimulated insulin secretion (GSIS) in insulin-secreting MIN6 cells (but not in isolated islets) and a selective GPR40 antagonist, GW1100, that reverses the effects of GW9508, were described. 35) Antidiabetic thiazolidinediones, troglitazone and rosiglitazone, and the experimental anti-obesity compound MED-ICA16 also activate GPR40. 24) 
GPR120
Ligands GPR120 is an orphan GPCR, which we isolated from mouse and human genomic DNA fragments. Using the receptor internalization assay (Fig. 1) , 36) we identified endogenous ligands for GPR120 as medium-to long-chain FFAs. Apparent stimulatory activities were detected for saturated FFAs with chain length of C14 to C18, and for unsaturated FFAs with chain length of C16 to C22. Despite similarity in the ligand specificity, GPR120 shared only 10% amino acid identity with human GPR40, which was far away on evolutionary tree, as shown in Fig. 2 . This might be a result of convergent evolution.
Signal Transduction We could not detect either a stimulatory or an inhibitory effect of long-chain FFAs on cAMP production in HEK 293 cells transiently expressing mouse The primary amino acid sequences from various organisms were obtained from the Genbank database and analyzed using the CLUSTAL program. An unrooted dendrogram is shown. Note that phylogenetic analysis suggests a distant evolutionary relationship between the GPR120 and GPR40 families. and human GPR120 cDNAs. Recent analysis of the anti apoptotic effects through GPR120 activation showed that GPR120 coupled through pertussis toxin-insensitive Gq families. This observation does not necessarily correspond to the analysis of the signal transmission concerning GLP-1 secretion, and further studies are needed. 37) Physiological Function in the Intestine GPR120 is highly expressed in the human and mouse intestinal tract and mouse enteroendocrine STC-1 cells. Previously, Sidhu et al. showed that mouse enteroendocrine STC-1 cells secrete GLP-1 and cholecystokinin (CCK) upon challenge with FFA.
38) The FFA-mediated GLP-1, CCK secretion, and [Ca 2ϩ ] i response can be inhibited by transfection with the RNAi expression vector specific for GPR120 but not for GPR40.
39) It was also noted that oral administration of FFA and direct administration to the colon 37) increased circulating GLP-1 and insulin levels in mice, and it is tempting to speculate that the FFA effects are mediated via GPR120 in vivo. As GPR120 and GPR40 are activated by similar properties of FFAs, and GPR40 directly and GPR120 indirectly promote glucose-stimulated insulin secretion, both GPR120 and GPR40 will be important for assessing the mechanism of FFA-mediated insulin secretion and for the treatment of diabetes.
Physiological Function in Other Tissues
The expression of GPR120 was confirmed in other tissues, and it is suggested that GPR120 plays a physiological role in these tissues. GPR120 is also expressed in a number of tissues including adipocytes, taste buds, and lungs, however, the functional consequences of GPR120 activation in these tissues is not clear.
Gotoh et al. showed that GPR120 is also highly expressed in human and mouse adipose tissues. The expression of GPR120 mRNA was higher in adipocytes compared with stromal-vascular cells. The level of GPR120 mRNA increased during adipocyte differentiation in 3T3-L1 cells. Moreover, the use of siRNA to downregulate GPR120 expression resulted in inhibition of adipocyte differentiation. 40) These results indicate that GPR120 has an important role in adipogenesis by functioning as a factor that facilitates maturation of adipogenesis in vitro. However, the precise molecular function of GPR120 in adipocytes is unclear. Further studies of the relationship between obesity and GPR120 should be of considerable interest.
Matsumura et al. detected the mRNA and immunoreactivity of GPR120 in rat taste buds. This result suggests that GPR120 is expressed in the taste cells of the circumvallate papillae to sense dietary fat, like the receptor expressed in the enteroendocrine cells. 41) 5. CONCLUSION Newly deorphanized receptors for FFAs belong to the nutrient-sensing GPCRs 42) that directory monitor the level of nutrients in the extracellular environment and feed back through the secretion or production of peptide hormones. Some of the nutrients sensing GPCRs have lower binding affinity (in the micromolar or millimolar range) for their nutrient ligands compared with the classical high-affinity ligands such as hormones or growth factors. 43) Because of the lower binding affinity (in the micromolar range) for FFAs and nonspecific binding for other fatty acid-binding proteins, it is difficult to show direct evidence for the binding of FFAs to FFA receptors. Further studies are needed to probe the direct interaction between FFA receptors and their ligands. Further deorphanization studies are needed to determine whether other GPCRs for FFAs might still be included in the receptors considered to be orphan GPCRs. Stimulation of fatty acid receptors by the long-chain fatty acid (LCFA) or short-chain fatty acid (SCFA) controls metabolized through the secretion or production of peptide hormones.
